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Multilevel inverter is increasingly utilised for DC/AC conversion in multiple 
electrical power applications due to its wide capabilities, low switching 
losses, and reduced output harmonics. Multilevel inverter faces some 
problems related to complex control, and high number of components. This 
paper presents a modified multilevel inverter topology that needs only three 


DC sources and eight switches to generate thirteen voltage levels. This high 

number of voltage levels enhances the multilevel inverter performance 
Keywords: significantly. Also, this paper introduces a modified modulation technique to 
trigger the multilevel inverter switches. This modified technique is called 
Hybrid pulse width modulation. The modified multilevel inverter topology 
accompanied by the improved modulation methodology leads to a multilevel 
inverter of smaller size, simpler control, and staircase sinusoidal output 
waveform with noticeable reduction in the harmonics content without using 
any harmonics filter. Furthermore, the proposed multilevel inverter topology 
will be utilized along with a direct torque control (DTC) induction motor 
drive to emphasize its characteristics by improving the motor drive 
performance. Correspondingly, this research runs a comprehensive set of 
simulations to validate the features of these topology and modulation 
methodology through MATLAB/Simulink environment software. 
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1. INTRODUCTION 

Multilevel inverter (MLI) is widely used in various medium voltage and high voltage applications. 
MLI applications can be categorized into two main branches: motor applications and power system 
applications. Motor applications include motor drives to control speed and torque of motors, especially the 
electrical vehicle (EV) motor [1], [2]. The second branch includes various applications of power system, such 
as: interface between grid and renewable energy sources (solar energy, wind energy, and distributed 
generation (DG)), flexible AC transmission (FACT), static synchronous compensators (STATCOM), and 
high voltage DC (HVDC) transmission [3]-[6]. 

The first used inverter topology is the two-level inverter which generates two voltage levels (+V). 
However, the performance of this inverter suffers from high total harmonic distortion (THD) and hence large 
filter size, high voltage rating of the switches, high switching frequency and hence further switching losses, 
increased voltage stress on the switches, and electro-magnetic interference (EMI) [7]. Due to the high voltage 
rating and voltage stress of the switches, the two-level inverter is only used with low and medium voltage 
applications [8]. Here comes the need for another configuration, MLI is presented to provide a DC/AC 
conversion with much better performance and lower THD. MLI produces staircase and smooth sinusoidal 
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waveform by suitable combination of DC sources and controlled switching of power electronic devices. The 
first proposed MLI topology is the neutral-point clamped MLI (NPC-MLI) which adds more voltage levels to 
the output waveform by proper connection of DC-link capacitors, switches and clamped diodes. This 
configuration has many advantages over the two-level inverter, like: lower voltage rating of the switches and 
lower THD by increasing the voltage levels [9]. However, it suffers from some constraints, like: high 
quantity of components when the number of produced levels increases, and un-equal switching ratio of the 
switches, hence the DC-link voltage is not shared equally across the capacitors [10]. Researchers try to solve 
some problems of NPC-MLI by replacing the clamped diodes by auxiliary capacitors. This configuration, the 
Flying capacitor MLI (FC-MLI), succeeds to solve two problems of the NPC-MLI; it does not need clamped 
diodes, and it offers natural balancing of voltage across capacitors by redundant switching combinations for 
the same voltage level. Additionally, it can generate power during source outage due to the high amount of 
capacitors [11], [12]. But FC-MLI topology has some drawbacks: the quantity of components increases by 
increasing the voltage levels, and the complex control of capacitors; since its operation principle depends on 
charging and discharging of capacitors. An advantageous MLI topology is proposed by cascading H-Bridge 
cells; it is called cascaded H-bridge MLI (CHB-ML]I). CHB-MLI is considered the most common MLI as it 
solves many problems of NPC-MLI and FC-MLI. CHB-MLI does not require clamped diodes or flying 
capacitors, and it requires lower number of components and simpler control of switches by offering structure 
modularity property. The main drawback of this configuration is the requirement of separate DC sources, so 
it is limited to applications of separate DC sources; renewable energy sources [13]—[15]. Porselvi and Muthu 
provide a comparison among NPC-MLI, FC-MLI, and CHB-MLI (classical topologies). It is found that for 
five-level MLI, CHB-MLI needs the lowest quantity of components, however the voltage THD is almost the 
same for these classical MLI topologies [16]. The major problem of using the MLI classical topologies is the 
increased components amount which means higher cost, more control complexity, and bigger size of MLI. 
So, researchers continue to contribute towards the evolution of newer topologies with lower number of 
components, better performance, and simpler control. In Gerardo Ceglia et al considered this major problem 
while proposing the T-type MLI. T-type MLI needs lower number of components if compared with the 
classical topologies [17]. But this reduction in components leads to some problems, like: it needs a mix of 
uni-directional and bi-directional switches, it operates only with symmetric sources, and switches shall have 
high voltage blocking capability [18]. Researchers presented another topology which solved two problems of 
the T-type MLI. This topology requires only uni-directional switches, and it can operate with symmetric and 
asymmetric DC sources. This configuration has a simpler structure and can build eleven voltage levels using 
three DC sources and eight switches [19]. 

Takahashi and Noguchi [20], proposed one of the most effective and advanced control strategies for 
induction motor, it is direct torque control (DTC) methodology. DTC drive principle makes use of the stator 
voltage and current to get estimated instantaneous values for the torque and flux. Then, an appropriate 
voltage vector is selected to control directly the torque and flux. This technique leads to a motor drive of 
superior dynamic performance without intensive calculations [21], [22]. On the other side, DTC drive suffers 
from high ripples in flux and torque. These ripples appear due to the dependence of DTC drive on two-level 
inverter. This problem can be solved by using MLI instead. 

This paper presents a modified modulation technique, Hybrid pulse width modulation (H-PWM). 
This methodology enhances the MLI performance, and reduces the output waveform THD considerably. 
Additionally, this paper offers a modified configuration for a recently proposed MLI topology. This modified 
topology generates thirteen voltage levels by using only three DC sources and eight switches, which 
contributes in optimization of the MLI required components. Also, the paper presents an application for the 
modified MLI topology by utilizing this topology with a direct torque control (DTC) based induction motor 
drive. The proposed MLI configuration succeeds to improve the steady-state and dynamic performance of 
DTC drive at various operating conditions. In addition to decreasing the torque and flux ripples noticeably. 


2. PROPOSED MLI CONFIGURATION 

By re-constructing a recent MLI configuration, the modified MLI topology can create thirteen 
voltage levels instead of eleven voltage levels by involving the same components; three DC sources and eight 
uni-directional switches [19]. The power circuit of the proposed MLI topology is shown in Figure 1. The 
generated voltage levels are as follows: +3E, +2.5E, +2E, +1.5E, +E, +0.5E, and zero. The switches 
(Q, T, S1, and S2) are complementary to switches (Q’, T’, S1’, and S2’) respectively. For example, when 
switch (Q) is ON, switch (Q’) must be OFF. The three DC sources are correlated by this ratio 1:1.5:2 to 
produce the thirteen voltage levels. The value of the DC source (E) is selected depending on the application 
and the used switches rating. Table 1 shows the required switching combinations to obtain the thirteen 
voltage levels. 
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Figure 1. Proposed MLI configuration 


Table 1. Proposed MLI topology switching states 


Voltage Level Q T SI S2 
+3E 0 1 1 0 
+2.5E 0 1 0 0 
+2E 1 1 1 0 
+1.5E 1 1 0 0 
+E 0 1 1 1 
+0.5E 0 0 1 0 
0 0 0 o0 0 
0 1 1 1 1 
-0.5E 1 1 0 1 
-E 1 0 o0 0 
-1.5E 0 0 1 1 
-2E 0 0 o0 1 
-2.5E 1 0 1 1 
-3E 1 0 0 1 


3. PROPOSED MODULATION METHOD 

The modulation methodology for MLI is a crucial challenge as it defines directly the values of 
output waveform THD and MLI switching losses. Sinusoidal pulse width modulation (SPWM or PWM) and 
its developed forms are the most common modulation methods. PWM generates triggering pulses for inverter 
switches by comparing a sinusoidal reference waveform with a triangular carrier waveform. This 
methodology can be used with MLI by applying multiple carriers, so it is called multicarrier PWM. 
Multicarrier PWM is mainly classified into level-shifted PWM (LS-PWM) and phase-shifted PWM (PS- 
PWM). For n-level MLI, LS-PWM or PS-PWM needs (n-1) carriers of the same amplitude and frequency. 
All carriers of LS-PWM are in phase, but carriers of PS-PWM are phase shifted. Researchers use the double 
Fourier series analysis to evaluate the performance of different modulation methods. A shown in (1) and (2) 
can express the harmonic content of output waveform of PWM, where these equations are the general form 
of double Fourier series analysis [23]. 

Equations should be placed at the center of the line and provided consecutively with equation 
numbers in parentheses flushed to the right margin, as in (1). The use of Microsoft Equation Editor or 
MathType is preferred. 


F(t) = foo + yrs {Aon Cos(nwt) + Bon Sinfnoat)} + Xn-1{Amo Cos(mwt) + Bmo Sin(mot)} 


+ Xo- n=- {Amn Cos(mwt + nwt) + Bmn Sin (mot + nwt)} (1) 
n+0 


$ 


2n2 


Amn +j Bmn = = S, JFE y) A0 dxdy; x = wt,y = wt (2) 

In this paper, a Hybrid PWM technique is presented, where LS-PWM and PS-PWM are merged 
together to get an improved modulation methodology. For n-level MLI, H-PWM requires (n-1) triangular 
carrier signals, where all carriers are equal in magnitude, equally level-shifted to occupy the whole sinusoidal 

i : f : 360° : 
reference signal, and each two consecutive carriers are phase-shifted by angle (0 = zog) as shown in 
Figures 2 (a) and 2 (b). Hence, switches of MLI are controlled by the triggering signals produced by this 
modified methodology. The applied fundamental frequency is 50 Hz and the carrier frequency is 5000 Hz. 

After several iterations to select the modulation depth index value, the most effective value is 1.1 to 
get a reduced harmonic distortion. Where it is found that other values of modulation depth index, higher or 
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lower than 1.1, give higher THD. Generally, this improved methodology grants an enhanced harmonic 
performance which reflects into a considerable reduction in the output waveform THD. 


Sieussidal Reterence Signal 


Triangutar Carrier Signal Triangular Carrier Signal 


(a) (b) 
Figure 2. H-PWM technique with (a) 10 carriers for 11-level MLI and (b) 12 carriers for 13-level MLI 


4. DTC PRINCIPLE AND MLI APPLICATION 

DTC drive consists of four blocks; torque and flux estimator, torque and flux hysteresis 
comparators, voltage vector selection table, and inverter as shown in Figure 3. Torque and flux estimator 
block uses the motor stator voltage (v,) and current (i,) to estimate the instantaneous values of torque (Te), 
flux (@,), and flux position (6,). Motor stator voltage can be calculated from inverter switches positions and 
DC link voltage. At first, DTC applies Clarke Transformation to convert the stator voltage and current from 
(a, b, c) axes to (a, B) axes. Then, DTC estimates the instantaneous values of torque, stator flux and position 
of stator flux (sector) using (3)-(5). The difference between the reference values (Torque*, Flux*) and 
measured values (Torque, Flux) gives error signals which are fed to the hysteresis comparators. Then, the 
torque and flux status are determined, whether inside the hysteresis band width or not. The hysteresis bands 
widths of torque and flux are determined based on DTC drive required performance and its capabilities. 
Based on the torque status, flux status and stator flux position (sector), DTC drive decides the most 
appropriate voltage vector from the selection table to fulfill the torque and flux reference commands. Finally, 
the switching (firing) pulses are injected into the inverter to trigger the switches. Consequently, DTC drive 
preserves the torque and stator flux inside the hysteresis band width by applying the selected voltage vector 
to the motor terminals. 

For induction motor, the relation between stator voltage (v,), current (i,), resistance (r,) and flux 
(Øs) is defined in (6). Since the voltage drop across the stator resistance can be neglected. Therefore, any 
change in the stator voltage reflects directly into a change in the stator flux. The rotor flux (@,) amplitude 
becomes constant when the amplitude of stator flux is kept within specific limits. Also, the stator voltage 
effect on rotor flux is negligible due to the stator and rotor leakage inductance. So, it can be concluded that 
the rotor flux rotates slowly, and the angle (8,,) between stator and rotor fluxes can be controlled directly by 
stator voltage. The developed torque (Te) of induction motor is defined in (7), where (P) is the number of 
poles, and (L,,L,,L,,) are the self and mutual inductances of stator and rotor. In order to control the 
electromagnetic torque (Tę), the angle (Osr) between stator and rotor fluxes needs to be regulated through 
applying a suitable stator voltage vector (v,). This is the basic principle of DTC which offers an improved 
dynamic response of induction motor [24]. 


Das = I ag — igs -Ts) dt , Øgs = S (ps — ips .Ts) dt (3) 


Te = =.P. (Pas -igs = Pps -ias ) (4) 


Ops 
Øs = Oas? + Øp? ,0, = tan SP (5) 
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í d@s 

Vs = lg Ts + a (6) 
3 Lin . 

Te = 5-P. az -|Os| .19r] . sin Osr (7) 


27° Telia? 


Typically, DTC drive utilizes a two-level inverter valid with 6 non-zero voltage vectors only. This 
limitation of the possible voltage vectors leads to a DTC drive of intolerable ripples in torque and flux, and 
increased THD content. This paper presents a solution to the voltage vectors limitation by replacing the two- 
level inverter with the proposed thirteen-level MLI. The thirteen-level MLI has 126 non-zero voltage vectors 
as shown in Figure 4. These voltage vectors enable DTC drive to select more appropriately a voltage vector 
to keep flux and torque as commanded. Since the applied MLI grants a wide range of voltage vectors, hence 
the torque and flux ripples are reduced, and THD is limited accordingly. 


TORQUE * TORQUE 


TORQUE STATUS 


HYSTERSIS 


COMPARATOR VOLTAGE | swiickine a 
VECTOR INVERTER a! e 
SELECTION 


FLUX 
FLUX HYSTERSIS | status | TABLE 
_| COMPARATOR 


FLUX * 


SWITCH DC LINK 
POSITIONS | VOLTAGE 


iy 


SECTOR £ 
TORQUE 
TORQUE AND FLUX CURRENT 
RUX 
Figure 3. DTC block diagram 


dens vioz viot vioo və% və% vor 


Figure 4. Space voltage vectors of 13-level MLI 


5. SIMULATION RESULTS 

This work presents detailed simulations for different case studies to verify and evaluate the 
performance of the modified modulation technique, the modified MLI topology, and MLI fed DTC drive. 
The simulations are classified into four case studies. The first case study focuses on evaluating the 
performance of the adjusted modulation method H-PWM. The second and third case studies focus on 
evaluating the performance of the proposed configuration of the thirteen-level MLI. For these three case 
studies, H-PWM is applied, the fundamental frequency is 50 Hz, the carrier frequency is 5000 Hz, and the 
modulation depth is 1.1; Table 2 shows the circuit parameters of each case study. By MATLAB/Simulink 
environment, Fast Fourier Transform (FFT) analysis is applied on each voltage or current waveform to 
determine the harmonic spectrum and THD magnitude. The simulations focus on THD analysis to have a 
clear assessment of how much the output waveform is close to the sinusoidal wave. The fourth case study 
introduces an assessment for the performance of DTC induction motor drive as an application for the 
modified MLI. DTC drive response is evaluated in steady-state and dynamic conditions, Table 3 shows the 
fourth case study circuit parameters. The paper depends on MATLAB/Simulink environment to construct the 
simulation model of DTC drive. Figure 5 (a) shows the simulation model main blocks; DTC, proposed 
thirteen-level MLI, and induction motor. DTC block includes torque and flux estimator, hysteresis 
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comparators, and voltage vector selection table as detailed in Figure 5 (b). The voltage vector selection table 


contains 126 voltage vectors which are granted by the thirteen-level MLI. The proper voltage vector is 
selected based on torque status, flux status, and flux position (sector). 


Table 2. Circuit parameters of 1%, 2", and 3 case studies 


Case Study — DC —Link voltage “E” Inverter Topology — Modulation Technique Load 
1s 500 V 11-level MLI H-PWM 5 Q, 50 mH 
ane 180 V 13-level MLI H-PWM 34 Q, 15 mH & 5 Q, 50 mH 
3" 104V 13-level MLI H-PWM 3 Ph. IM - 380 V - 2.3 KW 


Table 3. Circuit parameters of 4" case study 


DC - Link voltage “E” Inverter Topology __ Hysteresis Band Width Induction Motor 
189V 13-level MLI 2.4 N.m, 0.005 wb 400 V, 4 KW, 50 Hz, 25 N.m, 1430 rpm 
>a =r 
[Vabe] >| \V_abe Vabe [Vabc] Bi 
[pey >n ‘ 
Vabe piste Vajo— A Vabe Torque 
[labe] >j Labe p| 52a labe >< [labe] Tm 
labe >œ labe 
Switching Pulses pb 
> Speed* Vb jo—ej B ajo aA 
> sib 
Speed" pl s2p m w 
[M $p Speed Qc bia alB Speed 
sae ih Vele—alc 
psic 
0.8 > Flux* ce ac 
>) S2c 
Flux® Ld 
lux = ML V-I Measurement Induction Motor 
(a) 
> Sector 
V_abe 
Switching Pulses 
E) Flux Error dF id F C1) 
Flux Hysteresis 


Torque Hysteresis 


Torque and Flux Estimator Voltage Vector Selection 


2-9 - aq 


PI Controller 


(b) 


Figure 5. MATLAB/Simulink simulation model (a) Motor drive scheme and (b) DTC scheme 


For the first case study (H-PWM), the circuit topology and all circuit parameters applied in [19] are 
kept the same, except for the modulation method. Where, H-PWM technique is applied to evaluate its 
performance. Figures 6 and 7 show the output phase voltage and current waveforms associated with 
harmonic spectrum and THD value. The results show that H-PWM succeeds to lower the harmonics content 
of the output waveform, where the voltage THD decreases by almost 20% (voltage THD becomes 10.03%) if 
compared with the voltage THD of the PS-PWM technique. Table 4 gives a brief comparison between both 
of the modulation methodologies. 

For the second case study, static loads are connected to the proposed MLI. Figures 8-11 show the 
output phase voltage and current waveforms associated with harmonic spectrum and THD value. The first 
load (resistive load) which has almost unity power factor includes higher current THD than the second load 
(resistive-inductive load) which has lower power factor (P. F=0.3). This appears through the harmonic 
spectra, as all harmonic currents magnitudes after the fundamental component are reduced by adding 
inductive load. This is because the inductors help to suppress some orders of the harmonic currents, so the 
current is more sinusoidal in case of inductive load than resistive load. 
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Figure 6. Voltage waveform and harmonic spectrum 


for 1* case study 
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Figure 7. Current waveform and harmonic spectrum 


for 1* case study 


Table 4. Comparison between PS-PWM and H-PWM technique for 1 1-level MLI 


Technique Carrier Frequency _ Modulation Depth _ Fundamental Frequency __ Voltage THD 
PS-PWM 5000 Hz 0.95 50 Hz 12.48% 
H-PWM 5000 Hz t.i 50 Hz 10.03% 
600 T T T T T 20 T T T T T 
0 02 303 ao 005 308 007 Soe ao ao 006 006 vor = 
Time (8) Time (3) 


Fundamental (50Hz) = 575.1 , THD= 8.66% 
T T T 


Mag (% of Fundamental) 


20 
Harmonic order 


Fundamental (50Hz) = 16.75 , THD= 3.47% 
T T T 


Mag (% of Fundamental) 
T T T 


Figure 8. Voltage waveform and harmonic spectrum 


for static load-1 
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Figure 
for static load-2 


10. Voltage waveform and harmonic spectrum 
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Figure 9. Current waveform and harmonic 
spectrum for static load-1 


= il EEEIEE 


40 


Fundamental (50Hz) = 34.87 , THD= 2.44% 
T T T 


0 
Harmonic order 


Figure 11. Current waveform and harmonic 
spectrum for static load-2 
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For the third case study, dynamic load (induction motor IM) is connected to the proposed MLI. 
Figures 12 and 13 show the output phase voltage and current waveforms associated with harmonic spectrum 
and THD value. The results show that dynamic load forms higher current THD than static loads (resistive and 
inductive). This is due to the asymmetric distribution of magneto-motive force (MMF) which forms 
additional harmonic currents, as a result of the winding distribution in induction motor stator slots [25]. 


wy FE fh | 
EEO Wo y y 
NS NS OMS 


fi L 
03 0.31 0.32 0.33 0.34 0.35 
Time (s) 


031 0.32 0.33 0.34 0.35 
Time (s) 


ra coined SANE) E 222 THOE GAIN, : r Fundamental (50Hz) = 15.74 , THD= 12.07% 
: 1 i 1 ; 


T T T 
1 


Mag (% of Fundamental) 
T 


T 


20 
Harmonic order 5 20 
Harmonic order 


Figure 12. Voltage waveform and harmonic 


: Figure 13. Current waveform and harmonic spectrum 
spectrum for dynamic load 


for dynamic load 


Simulation results show that the modified MLI configuration (Thirteen-level inverter) with the 
improved modulation methodology (H-PWM) succeed to achieve highly accepted results by providing much 
more reduced THD if compared with other MLI configurations and modulation techniques. When the 
modified technique (H-PWM) is applied on the proposed MLI topology, voltage THD decreases to be 8.66% 
instead of 10.03%. All of these performance improvements are achieved by adjusting the modulation 
technique and re-constructing the configuration of a recent MLI. These results are summarized in Table 5. 
As well, all simulations are performed without using any harmonics filter. In case a certain application 
requires reducing the waveform THD, a small filter will be required without affecting the size or the overall 
cost of the proposed MLI topology. 


Table 5. Comparison between recent and modified MLI topologies 


Topology No. of Sources No. of Switches No. of Levels | Modulation Method Voltage THD 
Recent Topology 3 8 11 PS-PWM 12.48% 
Modified Topology 3 8 13 H-PWM 8.66% 


The fourth case study is dedicated to control an induction motor through DTC drive while using the 
proposed thirteen-level MLI. MATLAB/Simulink simulation model applies MLI which offers 126 non-zero 
voltage vectors. Hence, DTC drive is more adaptable to reduce the torque and flux ripples through selecting 
the most fitting voltage vector for any operating condition. Consequently, the simulation results show 
enhanced performance of DTC drive. Figure 14 shows the torque and speed waveforms at load variation 
condition. Where the load changes from zero to 25 N.m and the speed is kept at 1430 rpm. 

Figure 15 shows the torque and speed waveforms at speed reversal condition; speed changes from 
1430 to-1430 rpm while keeping torque at 25 N.m. These waveforms indicate that torque ripples are around 
8% of the rated torque. At the moments of motor starting or speed reversal, there is a momentary torque 
overshoot to overcome the motor and load inertia. This torque overshoot lasts for an accepted time period; 
less than 0.1 sec. 

Figure 16 presents the stator flux locus (trajectory), where the flux ripples are nearly negligible. This 
low flux ripples helps to reduce the motor acoustic noise and harmonics. DTC drive succeeds to preserve the 
commanded torque and flux within the required hysteresis band widths. Figure 17 shows the stator voltage 
and current waveforms which are smooth waveforms with low harmonics content. The results show clearly 
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the improvement of DTC drive performance after using the modified MLI. This is due to the application of 
thirteen-level MLI which has plentiful voltage vectors for different operating conditions, this reflects into 


limited torque and flux ripples. Additionally, the response of DTC drive is speedy, where the induction motor 
needs less than 0.1 sec to reach the steady-state condition. 
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Figure 14. Torque and speed response at load Figure 15. Torque and speed response at speed 
variation condition (0 N.m, 25 N.m at 1430 rpm) reversal condition (1430 rpm, -1430 rpm at 25 N.m) 
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Figure 16. Flux trajectory (0.8 wb) 
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Figure 17. Voltage and current waveforms (25 N.m, 1430 
rpm) 


6. CONCLUSION 


This paper presents a modified modulation technique to control the operation of MLI switches. 
When this modified method (H-PWM) is evaluated through various case studies and compared with other 
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methodologies, H-PWM methodology reduces the voltage THD significantly from 12.48% to 10.03%. In 
addition, this paper re-constructs a recently proposed MLI topology to produce higher number of voltage 
levels using the same components. This modified configuration uses only three DC sources and eight 
uni-directional switches to produce thirteen voltage levels. This high number of voltage levels in combination 
with the modified modulation methodology (H-PWM) helps to reduce the voltage THD from 10.03% to 
8.66%. The modified modulation methodology and MLI configuration succeed to offer multiple advantages 
like: simpler switches control, more circuit compactness, and lower THD without using any harmonics filter. 
Correspondingly, the paper introduces an application for the proposed MLI by being utilized with a DTC 
induction motor drive. This drive has an enhanced response at several operating conditions where the drive is 
characterized to be of reduced torque and flux ripples, and stable dynamic response. 
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